The mechanisms underlying phagocytosis are exceedsors are detected by the macrophages that bind them ingly complex, there are substantial differences in celluvia phagocytic receptors. These germline receptors have evolved to recognize conserved motifs on patholar responses for almost every phagocytic receptor gens that are not found on higher eukaryotes; these used, and complex interactions between receptors can structures have essential roles in the biology of the inbe expected since a cocktail of ligands usually coat any vader, and are therefore not subject to high mutation given particle (Greenberg and Grinstein, 2002; Underhill rates. The surface motifs include carbohydrates, glycoand Ozinsky, 2002). However, some general principles lipids, proteolipids, glycoproteins, and proteins; for excan be discerned. First, phagocytic receptors recognize ample, the mannose receptor binds mannosyl/fucosyl ligands on the particles. Second, these receptors trigger residues and dectin binds ␤-glucans. Pathogens are intracellular signals that direct polymerization and realso opsonized by humoral components including comarrangement of filamentous actin and coordinate the tractional forces that internalize particles. Third, membrane trafficking is required to compensate for mem-1 Correspondence: aderem@systemsbiology.org
Figure 1. The Role of Phagocytosis in Innate Immune Defense
When macrophages encounter pathogens, they bind and internalize them via phagocytic receptors. Internalization of large particles requires the recruitment of intracellular pools of membrane to compensate for membrane lost from the plasma membrane and to modify the membrane and content of the phagosome. Recycling endosomes provides some of this membrane. It is now shown that phagosomal membrane is also derived from the ER and that this has significant biological consequences. The phagosome then matures and becomes a phagolysosome where the pathogen is killed and where hydrolases generate pathogen-derived peptides that are presented to T cells via MHC class II molecules. Antigen presentation represents the intersection of the innate and adaptive immune systems. Phagocytosis also triggers the release of inflammatory mediators, some of which further instruct the adaptive immune response.
brane lost from the cell surface and to modify the memand Cohn more than forty years ago demonstrated that in neutrophils, azurophilic granules are recruited to the brane and vacuolar content of the maturing phagosome.
Dozens of signaling molecules including kinases, nascent phagosome where they fuse explosively with the forming vacuole (Steinman and Moberg, 1994). The adaptor molecules, lipid-modifying enzymes, and motor proteins participate in phagocytosis, and recent reviews remarkable movies that documented these phenomena demonstrate a great many principles that hold true todiscuss the roles of these proteins (Aderem and Underhill, 1999; Greenberg and Grinstein, 2002; Underhill day. They show that after recruitment of the granules to the forming phagosome, a set of conditions have to and Ozinsky, 2002). The application of global approaches and high throughput technology has generbe established that permit synchronous fusion of the granules with the vacuole. These data were interpreted ated a vast parts list of proteins that may participate in the process. In one study using mass spectrometry, to show that the phagosomal membranes were somehow modified to permit membrane fusion, and thereby more than 250 phagosome-associated proteins were identified (Garin et al. ). Therefore, it is possible that the phagocytosis, termed coiling phagocytosis, and that the vacuoles within which they reside are closely associated delivery of calreticulin and calnexin to sites of particle
